Abstract. In this paper, we test a method for forecasting in real-time the properties of offshore propagating tsunami waves generated by landslides, with the aim of supporting tsunami early warning systems. The method uses an inversion procedure, that takes input data measurements of water surface elevation at a point close to the tsunamigenic source. The measurements are used to correct the results of precomputed numerical simulations, reproducing the wave field induced by different landslide scenarios. The accuracy of the method is evaluated using the results of laboratory experiments, aimed at studying tsunamis generated by landslides sliding along the flank of a circular shoreline island. The paper investigates what the optimal position is of where to measure the tsunamis, what the effects are, the accuracy of the results, and of uncertainties on the landslide scenarios. Finally, the method is successfully tested using partial input time series, simulating the behaviour of the system in realtime during the tsunami event when forecasts are updated, as the measurements become available.
Introduction
Tsunami inversion techniques are mainly used to reconstruct the properties of the tsunamigenic sources (i.e., coseismic displacement field, slip distribution along the seismic source, etc.) from tsunami records. Among the many previous studies, it is worth to cite Satake (1987) , Johnson et al. (1996) , Tinti et al. (1996) . Most of these researches are based on the numerical and analytical solutions of the linear shallow water equations that are used to compute the propagation of the tsunami waves. To solve the inverse problem (i.e., assessing information on tsunamigenic source from tide-gauges
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Recently some successful attempts of using the inversion techniques to support real-time tsunami early warning systems have been carried out. Wei et al. (2003) show a method in determining the tsunami waveforms away from the generation area by processing real-time water level records near the tsunamigenic source. Their method extends the previous works by using a long wave model to create a database of synthetic mareograms at a number of strategic locations. Titov et al. (2005) describe the tsunami forecast system adopted by Pacific Marine Environmental Laboratory. This system combines real time seismic and water level data with a forecast database of pre-computed scenarios. The method uses a set of unit sources for constructing a tsunami scenario. Both the inversion methods described the earlier use of Green's function approach.
A different method for tsunami inversion has been proposed by Bellotti et al. (2008) . They use a numerical model based on the linearized mild-slope equation, solved in the frequency domain, able to reproduce the propagation of small amplitude tsunami waves. By using one possible scenario of the tsunamigenic source, the model solves the governing equations by providing the Fourier Transform of the free surface elevation. The inversion technique is applied when the surface elevation time series is recorded at some points of the computational domain. The comparison between the numerical pre-computed solution and the Fourier Transform of the measured free surface elevation makes it possible to find, in real-time, a correction parameter in the complex plane, to be applied to each frequency component. Therefore, the method allows for the computing of the tsunami waveform at each point of the computational domain. The procedure takes advantage of the fact that the model equations are linearized. Moreover, the authors have investigated the influence of the length of the input free surface elevation time series using two-dimensional experimental data. By means of the analysis of results obtained using partial input time series, they show that the tsunami waveform forecasting is reliable when the first crest has been recorded, and that as the length of the available record increases, the results converge smoothly to the final one.
In this paper we investigate how the model developed by Bellotti et al. (2008) , with further improvements by Cecioni and Bellotti (2010a, b) , can be applied to support in real-time a landslide-tsunami early warning system, aimed at protecting coasts far away from a potential landslide tsunamigenic source, i.e., the flank of an island, not focussing on the coast of the island itself. The idea of a landslide-tsunami warning system is that devices for the measurement of landslide generated tsunamis are placed close to the possible tsunamigenic area. When a landslide event occurs, records of water surface level are processed in real-time to forecast, at some offshore location, the features of the tsunami, in order to decide if the tsunami alarm has to be spread or not. To test the applicability of the model and to measure the accuracy of the procedure, we use, as reference data, the experimental results of Di Risio et al. (2009) , who reproduced tsunamis generated by landslides at the flank of a circular island.
This paper is structured as follows. The next two sections give a brief description of the numerical and the physical models, respectively. Then the results of the inversion procedure applied on the experimental data are shown, along with an investigation on where it is better to locate the sea level recorder device, and an evaluation of the effects of uncertainties on the landslide scenario. Discussion of the results and conclusions close the paper.
Description of the numerical model
The numerical model is that proposed by Bellotti et al. (2008) , which solves the linearized mild-slope equation (MSE hereinafter) . We refer to the paper of Bellotti et al. (2008) and Cecioni and Bellotti (2010b) for a detailed description of the equations and only a brief outline of the model is given herein. The MSE (Berkhoff, 1972) describes the small amplitude transient wave propagation on slowly varying depth. In time domain and in terms of free surface elevation η(x,y,t), the MSE has the following hyperbolic form:
where c and c g are the phase and group celerities, respectively, k is the wave number and ω is the angular frequency; the subscripts indicate derivatives. Cecioni and Bellotti (2010a, b) , following Tinti et al. (2006) and Kervella et al. (2007) , proposed the introduction of the source term in the right-hand side of Eq.
(1), in order to incorporate the wave generation due to sea floor displacements. In Eq.
(1), h(x,y,t) = h b (x,y) − h l (x,y,t) is the water depth equal to the difference between the fixed bottom depth h b (x,y) and the landslide (or seismic sea floor) elevation h l (x,y,t); its second time derivative is not zero in the area where the landslide (or the earthquake) occurs. The term 1/cosh(kh b ) in Eq.
(1) represents a filter function, which models the transfer of the bottom movement to the free surface. It has to be noted that c, c g , k and ω in Eq. (1) have been traditionally computed with reference to a single wave frequency component. Therefore, the time domain MSE can be solved by assuming a dominant frequency of the wave spectrum, and the result is valid only for narrow frequency spectra seas. In order to reproduce the frequency dispersion of broad banded spectra, as those of tsunamis, Bellotti et al. (2008) , Cecioni and Bellotti (2010a, b) proposed to solve the MSE in the frequency domain. By taking the Fourier Transform of Eq. (1) with respect to the time, it follows
The resulting elliptic Eq. (2) describes the stationary wave field in terms of N (x,y,ω), which is the Fourier Transform of the free surface elevation, i.e., relative to a monochromatic wave of single angular frequency ω. The forcing term in the right hand side of Eq. (2) contains h tt , the Fourier Transform of h tt . The model solves a set of equations as Eq. (2), one for each frequency ω, with the appropriate boundary conditions and the values of c, c g , k. The free surface elevation in the time domain, η(x,y,t), can be then calculated by taking the Inverse Fourier Transform of the superposition of all the monochromatic solutions N (x,y,ω).
As already shown in the paper of Cecioni and Bellotti (2010b) , when the tsunami generation mechanism is known and its effects on the water are reproduced by the forcing term, the model provides accurate reconstruction of the tsunami scenario. When the model works in a tsunami early warning application, as preliminarily shown in Bellotti et al. (2008) , it also makes use of the recording of the tsunami itself, and has to forecast the propagating waveform in realtime while the event is occurring.
A tsunami early warning application of the present model is possible if the computational procedure is split in two parts: one computationally expensive, which has to be carried out before the occurrence of the tsunami; the other, much faster, which provides the forecasting tsunami in real-time using the recording of the tsunami itself. The pre-event computations generate a database of possible tsunami scenario, which are computed assuming a probable generating source, based on the identification of the area where the co-seismic or landslide events likely will occur. The solution of the preliminary computation is the free water surface elevation η p−c (x,y,t) (where p-c stands for pre-computed) and can be stored at any point of the numerical domain.
The second part of the model application starts in realtime when a tsunami occurs and its waveform η m (x P ,y P ,t) is detected from the sea surface measurement at one position (x P ,y P ). At that point, we can impose the following identity
in order to calculate the time varying correction term s (t).
Once the correction term is applied to the pre-computed time series, the model solution is equal to the measured one. Indeed, when s (t) is obtained from Eq. (3), it is possible to adjust the pre-event simulation results at any position of the computational domain where no records are available, by using an identical correction term for all the points of the domain:
Actually, it is more convenient to apply Eqs. (3) and (4) in the frequency domain. This requires a Fourier Transform of the measured tsunami time series record, N m (x P ,y P ,ω). The correction term can, therefore, be defined as follows:
and the forecasted tsunami waveform at any point is computed in the frequency domain as:
As stated, the free surface elevation in the time domain is obtained by means of the Inverse Fourier Transform of N (x,y,ω). The computation of S (ω) is carried out in the frequency domain. It has complex values and, therefore, has also the effect of correcting both the amplitude and the phase of each component of the wave spectrum. When switching to the time domain, it is not necessary to synchronize the computed and the measured time series.
An important feature of the model is that the tsunami waveform can be estimated while the tsunami is occurring, in the sense that the term S (ω) can be calculated even when sea surface elevation record does not contain the entire tsunami waveform. It results that the accuracy of the forecasting model improves with the length of the available registration of the tsunami. However, as we will show later, good estimation of the tsunami waveform can be extracted from the model even when just the first tsunami wave has been recorded.
Description of the physical model
In order to test the tsunami inversion technique described in the previous section, experimental results have been used The experiments simulate a landslide body, gravity driven, sliding down over the flank of the conical island. The landslide model is a rigid body, with the shape of a half of the ellipsoid described by the equation x 2 /a 2 +y 2 /b 2 +z 2 /c 2 = 1, where a = 0.2 m, b = 0.4 m and c = 0.05 m, for a total volume V = 0.0084 m 3 . Di Risio et al. (2009) have tested, in the experimental campaign, different landslide release distances and water depths. The release distance ζ is defined as the distance between the lower point of the landslide and the undisturbed shoreline measured along the inclined plane. In Table 1 . Angular and radial position of sea level gauges: the point where the landslide impacts the water is taken as the origin, and the angular position is taken counterclockwise from the landslide motion direction (see Fig. 3 order to test the tsunami inversion technique, we refer to the experimental results for ζ = 0.30 m and offshore water depth h b = 0.80 m. Traditional resistive gauges were employed to register the instantaneous vertical displacement of the free surface. All the signals have been acquired simultaneously at a frequency of 1000 Hz. The relative position of all the gauges can be found in Fig. 3 and in Table 1 . The position of the gauges in Table 1 are expressed in polar coordinates, with the origin at the landslide-water impact point (see Fig. 3 ) and the angular position measured counterclockwise from the landslide motion direction. Cecioni and Bellotti (2010b) . The numbers 2.07, 4.47 and 8.00 express the radii in metres of the undisturbed shoreline, the island base at the tank bottom, and the external circular boundary, respectively.
Real-time tsunami inversion

Numerical simulations
The numerical simulations, presented herein, are aimed at reproducing the conical island experiment. The computational domain is semicircular, as shown in Fig. 4 . Taking advantage of the symmetry of the problem across the landslide motion direction, only half of the conical island has been reproduced. The computational domain is limited at the offshore side by a semicircular boundary placed at a distance of 8 m from the centre of the island.
As sketched in the Fig. 4 , at the offshore boundary a radiation boundary condition is applied; it allows the free exit of the propagating waves. A perfect reflection condition is imposed at the undisturbed shoreline, representing a vertical impermeable wall.
The model solves the MSE (2) with the boundary conditions, using a Finite Element Method procedure. The time series reproduced by the model is 50 s long, with a t of 0.01 s, and a total of 5000 time steps. In the frequency domain, Eq. (2) has been solved for those long wave components for which relevant energy contents exist. More specifically, 100 discrete angular frequency ranging from 2π · 0.02 up to 2π · 2 rad s −1 have been considered for the numerical solution.
The maximum element size of the triangular mesh elements is set in order to ensure at least 10 points for the shortest wave length reproduced (0.05 m for all the performed simulations). It results in about 160 000 mesh elements and about 81 000 Degrees of Freedom of the problem. The computation time for the solution of the 100 discrete angular frequencies is about 12 min on an AMD Opteron 246 2GHz Computer equipped with 4 GB of RAM.
Inversion using the correct landslide scenario
Firstly, we present results of the inversion procedure applied to the pre-event computations carried out using the correct landslide scenario. This means that the available information on the landslide volume and kinematic from the laboratory experiments are used in the numerical simulations in order to get the forcing term of the MSE (2). In order to estimate the complex correction term S (ω) of Eq. (5), the numerical model results and one of the collected time series were used. We have, therefore, used the experimental records at one gauge, referred to as "inversion" gauge in the followings, as if it would represent the tsunami record given as input for the inversion procedure. Experimental time series at another gauge located far from the landslide area, referred to as "control gauge" in the following, is used to validate the model prediction of the propagating waves. The key point here is to analyse where it would be better to locate the inversion sea level gauge, which will record the tsunami and will provide in real-time the input for the inversion procedure. On one hand, in order to give early predictions, it is desirable to use gauges very close to the sub-aerial landslide; on the other hand, the model is expected to perform better in deep water, so in order to get accurate results it is desirable to use gauges located not in the very near field. Cecioni and Bellotti (2010b) . As shown in that paper, the accuracy of the results deteriorates in the very near field. This is mostly related to the fact that the present model does not reproduce complicated three-dimensional flows and nonlinear effects; both are expected to play a role close to the landslide and in shallow waters. Results obtained using as inversion gauge, the 12S are of very poor quality. When the inversion gauge 20S is used, the results are good for the largest waves, but the following smaller waves are not correctly reproduced. The computations obtained using the gauge 7S give a good reproduction of the largest waves and of the trailing wave train. Very accurate results are obtained using the very far gauge 15S. Note, however, that the instrument is on the landslide path and in the field it is not feasible to place wave gauge at that position, since they would be certainly damaged by landslides. In the following, the gauge 7S is taken as the inversion one, while the gauge 24S is used as the control one, representative of waves radiating offshore.
Effect of uncertainties on the landslide scenario
It is now evaluated the impact on the accuracy of the results of using pre-event computations carried out with wrong landslide scenarios. Of course it is impossible to know exactly the properties of the landslide and its kinematic before the tsunami event and it is, therefore, very important to assess the effects of scenario uncertainties on the method presented. The effect of uncertainty of three parameters is separately evaluated here: the volume of the landslide, its position (i.e., the axis along which it slides), and its kinematic (i.e., its velocity). Other sources of uncertainty, such as the shape of the landslide and the porosity, are not considered herein. Figure 6 presents the results at the control gauge 24S, obtained applying the inversion from the sea level record at gauge 7S, using 4 landslide scenarios, including the correct one. These have been computed by using landslides of different dimensions, but keeping the same ellipsoidal shape. The 4 landslides have been obtained by scaling the original one used in the physical model, multiplying the axes by 0.25, 0.50, 1.00 and 2.00. The resulting landslide volumes measure 0.0156, 0.1250, 1.0000 and 8.0000, respectively, times the volume of the reference landslide (i.e., the one reproduced in the physical model). Again the red line reports the numerical model prediction, while the black dashed line refers to the experimental data.
The results indicate that the inversion procedure is not very affected by the uncertainty on landslide volume. As far as the largest waves are concerned, no differences can be seen, nor a trend with the volume of the landslide. It is, however, pointed out that the train of small waves that follows the largest, are better reproduced by the small and the correct landslide scenarios, while increasing the dimension of the landslide a poor accuracy is obtained. Of course, as the method is aimed at predicting the largest waves, it can be concluded that the effect of uncertainties on the landslide volume can be neglected.
Let us now analyse the effect of uncertainties on the landslide position, i.e., on the direction of the landslide motion on the flank of the island. The reference position is that used in the experiments (see Fig. 3 ). The pre-event numerical computations are created assuming landslide scenarios with the sliding axis rotated on an angle β equal to 10, 20 and 30 degrees from the referenced one. Figure 7 presents the sea level oscillations at the control gauge 24S given by the numerical model, obtained using the inversion gauge 7S and the 4 preevent computations with different landslide motion direction. Comparing the numerical results (red line) with the physical model records (black dashed line) it can be noted that the position of the landslide plays a very important role on the procedure. The accuracy of the results given by the method decreases as the direction of the sliding axis diverges from the correct one. An error of 10 • on the landslide position gives already poor results; an error of 30 • appears to produce unacceptable predictions.
Finally, the effect of uncertainties on the landslide velocity is investigated. For simplicity the pre-event computations are carried out using the same kinematic law derived from the laboratory experiment, but velocities are multiplied by 0.5, 1.0, 1.5 and 2.0, respectively. Thus reproducing one slower and two faster falls than the referenced one. The results of the inversion procedure, again referred to the control gauge 24S and obtained from the inversion gauge 7S, are reported in Fig. 8 . The comparison with the laboratory records (black dashed line) indicates that an underestimation of the landslide velocity in the pre-event simulation still produces acceptable results after the inversion procedure. On the contrary, the fast landslide scenarios give poor accuracy results, and the forecasted wave packet is not able to reproduce the largest surface elevation recorded at the control gauge.
It can be concluded that the pre-event uncertainties on the landslide volume seems not to affect the inversion forecasting results, while the landslide falling position appears to have a strong influence upon the accuracy of the method. Also very small errors on the position of the axis along which the landslide moves, induce large errors on the results. Furthermore, it appears that it is better to reproduce slower landslides, rather than selecting too fast landslide scenarios.
Real-time inversion
The ability of the procedure to deal with truncated input time series is now evaluated. Of course, when performing inversion in real-time, the data are used as they become available. Results of an example computation performed with the correct scenario are reported in Fig. 9 . Left panels refer to the time series at the inversion gauge 7S; the black dashed line refers to the full record, identical for all the plots, and the blue solid one to the part of the signal considered available for each plot. Right panels show the experimental time series at the control gauge 24S (black dashed lines) and those predicted by the model (red solid line). Each row of plots refers to a specific elapsed time, measured by the parameter t known , of the input time series used for the inversion. For instance, the first row considers an input time series available up to 0 s, selected as origin of the time: no waves are measured and, therefore, no waves are predicted at gauge 24S. The second row refers to the computation carried out after 0.75 s, after the first wave crest has been measured: the predicted time series shows an underestimated wave train at gauge 24S. When the first wave has been completely measured, and the crest of the second wave (the largest) is included in the input time series, the predictions appear to be quite close to the reference experimental data, as shown by the plots of the third row. As the input time series becomes longer, the results converge to the measured ones. From Fig. (9) it appears that the leading wave is well predicted already at t known = 1.5 s, while the following wave packet is still underestimated.
The convergence process is also shown in Fig. 10 , where the effect of changing the inversion gauge is also evaluated. Here the maximum surface elevation predicted by the procedure at the control gauge 24S, is plotted against the length of the input time series. The 4 lines refer to results obtained using as input time series those of gauges 12S, 20S, 7S and 15S. The horizontal dashed line represents the maximum experimental surface elevation at the control gauge 24S, i.e., the correct final results. It appears that the convergence procedure is relatively smooth. Applying the inversion procedure using very near-source gauges (12S and 20S) provides a faster, but less accurate estimation of the maximum sea surface elevation. The inversion carried out using the very far gauge is more accurate, but takes longer to give the final results.
Discussion and conclusions
The inversion procedure presented in this paper seems to provide accurate forecasts of the tsunamis and is able to work in real time, using partial input time series. It seems, therefore, that it can be a useful tool to support tsunami early warning systems.
One potential drawback of the procedure is that the accuracy of the results deteriorates if the pre-computed landslide scenario used for the inversion is not adequate. Among the several sources of uncertainties about the scenario, the results show that the landslide dimension and the kinematic do not play a relevant role. On the contrary, the position of the axis along which the landslide falls, appears to have a large effect.
A possible method for reducing the effects of scenario uncertainties is that of trying to select the most appropriate one using the measurements in real-time. The simplest approach is that of using two measurement devices of the free surface elevation. One input time series can be used to forecast, in the position of the second device, the time history of the surface elevation for each of the pre-computed scenarios. Then, by comparing the results and the measurements at the second device, it may be possible to decide what is the scenario that better describes the event.
However, in the practice, monitoring systems of unstable flanks may be used to obtain reasonable estimates of the position, shape and dimension of potential subaerial landslides. This information may be used to prepare specific landslide scenarios to be included in the database. An example of such a measurement technique is shown in Casagli et al. (2010) , who have set-up a ground-based radar interferometry system to monitor the Sciara Del Fuoco unstable flank at Stromboli.
Measurements of tsunamis, essential in the present technique, can be obtained using pressure transducers. Nevertheless, it has to be stressed that waves generated by landslides are not very long, and a "large portion of the wave packet energy pertains to deep water waves" (Bellotti et al., 2009) . Then pressure transducers placed at the sea bottom may not be able to properly measure these tsunamis. A possible alternative is to mount the pressure transducers on poles or, for high water depths, on mooring lines of floating devices, so that the level at which measurements are carried out can be selected independently from the water depth. In the latter case, care has to be used to compensate the measurements for the possible movements of the instruments; these are expected to induce further pressure components, not related with surface waves. It is also worth mentioning that the measurements have to be processed in real time, using detection algorithms (Bressan and Tinti, 2011; Beltrami, 2008) , since the procedure presented in this paper expects as input purely the tsunami data. In particular, when measurement devices are placed close to the water surface, they can measure also wind-waves components and special algorithms have to be applied (e.g., McGehee and McKinney, 1995; Beltrami and Di Risio, 2011) .
The paper has presented a brief analysis of how the position of the inversion gauge influences the accuracy of the procedure. As stated, it is desirable to measure the tsunamis close to the source, in order to increase the amount of time for the spreading of the alert. However, the propagation model used in the procedure performs better in deep waters, so the accuracy of the results can be improved by placing the inversion gauge not too close to possible landslides. In the practice, it is also important to place the instruments on a stable sea bottom area, that is not expected to be reached by the landslide material.
The computations presented in this paper refer to a subaerial landslide only, as the experimental data available so far do not include submerged ones. It is certainly desirable to evaluate the performances of the method for submerged landslides, for which monitoring systems are not able to provide information and warning on flank instabilities. This is one of the points that will be addressed in our ongoing research, since new experimental data will extend the results of Di Risio et al. (2009) , including submerged landslides in the next future.
